ABSTRACT
INTRODUCTION
The growing knowledge base of tumor genomics has led to never seen advances in the field of medical oncology. [1] The evolving molecularly targeted treatments of late-stage melanoma, gastro-intestinal stromal tumors, and non-small-cell lung cancer (NSCLC) exemplify these advances. [2] [3] [4] The fibroblast growth factor receptor (FGFR) family consists of four subtypes of transmembrane tyrosine kinase receptors that play an important role in cell growth, differentiation and angiogenesis via binding of up to 22 known different FGF family ligands. [5] Upon FGFR activation through dimerization of receptor monomers and transphosphorylation of kinase domain loop tyrosine residues cytoplasmatic downstream molecules contribute to carcinogenic events mediated by PI3K/AKT, STAT and RAS/MAPK pathways ( Figure 1A ). [5, 6] Anomalous signaling through FGFR can occur through overexpression of receptors, activating mutations, gene amplification, or by FGFR-containing translocations in wide array of solid tumors as discussed below. Most importantly, these aberrations can represent important therapeutic targets in solid tumors and have supported the clinical development of several FGFR inhibitors and anti-FGFR drug conjugate (ADC) antibodies (Table 3-9) .
Herein we review the current literature and describe the cancer pathobiology, the prevalence, the pre-clinical, and the clinical data supporting drug development targeting the recently described FGFR3-TACC3 fusion.
FGFR ABERRATIONS
FGFR alterations relatively rare and were present in ∼7% of a cohort of 4853 tumor samples including 47 different histological types. [7] When limiting to histologies with at least 75 samples analyzed, the frequencies of FGFR aberrations were higher among Review urothelial (31.7%), breast (17.4%), endometrial (11.3%), and endometrial/ovarian carcinomas (8.1%). [7] The majority of FGFR genomic alterations were FGFR amplifications and mutations (92%).
Evidence from early phase clinical trials support that FGFR aberrations can represent targetable events in solid tumors. In a phase I trial, twenty one patients with refractory squamous non-small cell lung cancer (sqNSCLC) harboring FGFR1-amplification were treated with the small molecule FGFR inhibitor BGJ398 (100 or 125 mg once daily in 28-day cycles). [8] Of 17 evaluable patients, 4 had radiologic tumor reduction and 3 had stable disease indicating that a subset of patients with FGFR pathway aberrations indeed benefits for FGFR targeted 
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Abbreviations: Non-small cell lung cancer (NSCLC), carcinoma of unknown primary (CUP), mouse double minute 2 homolog (MDM2), cyclin E1 gene (CCNE1), cyclin D1 gene(CCND1), cyclin dependent kinase(CDK), cyclin dependent kinase inhibitor (CDKN), phosphatidylinositol 3-Kinase (PI3K), Erb-B2 receptor tyrosine kinase 2 (ERBB2), tumor protein P53(TP53), phosphatase and tensin homolog(PTEN), V-Myc Avian Myelocytomatosis viral oncogene homolog (MYC), ataxia telangiectasia mutated(ATM), mitogen-activated protein kinase 1 (MAP3K1), AT rich interactive domain 1A (ARID1A), lysine (K)-specific methyltransferase 2A(KMT2A), myeloid cell leukemia 1(MCL1), neurofibromin 1(NF1), Nuclear Factor Of Kappa Light Polypeptide Gene Enhancer In B-Cells Inhibitor, alpha (NFKBIA), protein tyrosine phosphatase, non-Receptor Type 11(PTPN11), SMAD family member 4(SMAD4), topoisomerase (DNA) I(TOP1), SRC proto-oncogene(SRC), aurora kinase A(AURKA), von hippel-lindau tumor suppressor (VHL), Jun proto-oncogene(JUN), insulin receptor substrate 2(IRS2). Helsten et al. [7] Renal cell carcinoma 87 1 NR NR Parish et al. [39] Solid tumors 391 1 NR NR Non-small cell lung cancer (NSCLC), squamous non-small cell lung cancer (sqNSCLC), glioblastoma multiforme (GBM), fibroblast growth factor receptor 3-transforming acidic coiled-coil containing protein 3(FGFR3-TACC3), Not reported (NR), squamous cell carcinoma (SCC), The Cancer Genome Atlas (TCGA)
. 
FGFR3-TACC3 TRANSLOCATION
Fusions have been described in the FGFR1-3 genes with multiple partners (i.e., TACC1, TACC2, TACC3, BAIAP2L1, BICC1, NPM1, PPAPDC1A, AFF3, SLC45A3 and AHCYL1) in a wide spectrum of tumors (i.e., cholangiocarcinoma, breast, and prostate cancer, sqNSCLC, gastric adenocarcinoma, colorectal adenocarcinoma, carcinoma of unknown primary and glioblastoma). [7, [12] [13] [14] [15] Other rare FGFR fusions described included
), FGFR3-TNIP2(1), and FGFR3-WHSC1(1).
Of note no FGFR4 gene fusion was observed in this large series. [7] Preliminary pre-clinical data support that these fusions represent important therapeutic targets. For instance stable cell lines harboring FGFR3-BAIAP2L1, FGFR3-TACC3, and FGFR2-CCDC6 fusions showed expression of active FGFR fusion kinases and activation of downstream mitogen-activated protein kinase ERK1/2 and the transcription factor STAT1. [12] The presence of FGFR fusions (FGFR3-BAIAP2L1) not only enhanced tumor cell proliferation, but also led to significant sensitivity to small kinase inhibitors (PD173074) in preclinical cellular and xenograft bladder cancer models, in contrast with FGFR3 mutant cell lines, which were not sensitive to kinase inhibition. [12] FGFR1-TACC1 fusion targeted therapy also showed anti-tumor effects in preclinical GBM model. [13] Cholangiocarcinoma mice model harboring FGFR2-AHCYL1, FGFR2-CCDC6, and FGFR2-BICC1 was sensitive to treatment with FGFR kinase inhibitors BGJ398 and PD173074. [16, 17] TACC3 gene has been identified as an important partner of these FGFR fusions and associated with the pathogenesis of several solid tumors. [18] [19] [20] TACC3 (transforming acidic coiled-coil containing protein 3) belongs to the TACC gene family, which also includes TACC1 and TACC2. TACC3 protein has a coiled-coil domain at the C terminus, known as the TACC domain, which promotes stability and organization of mitotic spindle. [21] Figure 1: A. Fibroblast growth factor receptor (FGFR) has intra-cellular tyrosine kinase activity triggered by fibroblast growth factor (FGF) ligand. Its activation leads to FGFR transphosphorylation and activation of protein of ras oncogene (RAS)/mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-Kinase (PI3K) signaling pathways. B. Fibroblast growth factor receptor3-transforming acidic coiled-coil containing protein 3(FGFR3-TACC3) fusion protein harbors constitutively activated tyrosine kinase domain, which activates mitogen-activated protein kinase (MAPK) pathway. Also, FGFR3-TACC3 localizes to mitotic spindle poles, induces mitotic, chromosomal segregation defects and triggers aneuploidy. www.impactjournals.com/oncotarget FGFR3-TACC3 fusions were first described in glioblastoma multiforme (GBM) and bladder urothelial tumors. [13, 15] Table  1) . [7] FGFR3-TACC3 fusions are formed by rare intrachromosomal rearrangements located within 150 kb of the FGFR3 gene on chromosome 4p16 (Figure 2 ). [13] It has been proposed that the fusion, which occurs via a tandem duplication event, leads to loss of an miR-99a binding site within the 3'-untranslated region (3'-UTR) of FGFR3, releasing FGFR3 signaling from miR-99a-dependent inhibition and enhancing tumor progression relative to wild type FGFR3. [22] Given the close proximity of the FGFR3 and TACC3 genes, identification of the fusion by FISH is technically challenging. [23] Therefore the most common methods have involved transcriptomic analysis by RNA-seq and RT-PCR in addition to whole-genome sequencing. [7, 13, 23 ] Di Stefano et al. have also utilized immunostaining of the N terminus of FGFR3 and found uniform overexpression of FGFR3 in a subset of glioblastoma multiforme (GBM) cases with FGRF3-TACC fusions that were identified by RT-PCR. [23] Those findings demonstrate that detection of FGFR3 amplification by IHC or IF may serve as a method to screen for FGRF3-TACC fusions which is clinically relevant since RNA sequencing is not common practice. [24] The fusion protein exhibits constitutive kinase activity, induces mitotic, chromosomal segregation defects and triggers aneuploidy ( Figure 1B) . [13] The presence of the TACC coiled-coil domain increases the activity of FGFR3 through more promiscuous constitutive phosphorylation of tyrosine kinase residues within the FGFR3 protein, and preferential MAPK kinase activation ( Figure 1A) . [25] Moreover, preclinical and clinical results have shown that FGFR inhibitors can block the tyrosine kinase activity of this fusion protein.
Treatment of nasopharyngeal carcinoma cells carrying the FGFR3-TACC3 fusion with FGFR inhibitor PD173074 inhibited cell proliferation. [26] RT4 urothelial carcinoma line harboring FGFR3-TACC3 fusion also exhibited sensitivity to this same FGFR inhibitor in a xenograft model. [12] Similar results were seen in GBM in vivo and in vitro models carrying the FGFR3-TACC3 fusions, which was not only associated oncogenic transformation but also exhibited significant sensitivity to FGFR inhibitor JNJ-42756493. [13, 22, 23] The clinical relevance of FGFR3-TACC3 has been underscored by preliminary results from clinical studies and case reports of tumor responses to the treatment with FGFR inhibitors. For instance, the phase I trial with FGFR inhibitor JNJ-42756493 including 65 patients with advanced solid tumors included 4 patients with FGFR3-TACC3 translocation. [10] Three partial responses (two confirmed and one unconfirmed) were seen among 3 patients with urothelial, two of which cancer harbored FGFR3-TACC3 fusion. One of these patients stayed on treatment for about 10 months. Another confirmed partial response was observed in a patient with glioblastoma with FGFR3-TACC3. Tumor shrinkage was also seen in a patient with adrenal carcinoma with FGFR3-TACC3/ FGFR2-CCDC6 (FGFR3-TACC3 being the predominant translocation), who received treatment for 10 months before disease progression. In agreement with preclinical results, these results suggest that FGFR3-TACC3 fusion is indeed an actionable therapeutic target. 
PREVALENCE OF FGFR3-TACC3 FUSION IN SOLID TUMORS Gliomas
The first report of this fusion emerged from a small subset of patients with GBM with 2 out of 97 samples harboring FGFR3-TACC3. [13] A subsequent study with 795 cases of gliomas (584 GBMs and 211 grade II-III gliomas) described 17 cases (2.9%) of FGFR3-TACC3 genomic fusions among the GBM group, and 3 cases among lower grade gliomas. [23] Amplicons ranged from 928 bp (for FGFR3exon18-TACC3exon13) to 1,706 bp (for FGFR3ex18-TACC3ex4). All tested FGFR3-TACC3 positive tumors showed strong expression of FGFR3 by tumor cells on immunohistochemistry (IHC). Epidermal growth factor receptor gene (EGFR) amplification showed significant negative correlation with FGFR3-TACC3 status; CDK4 and MDM2 amplification had significant positive correlation with FGFR3-TACC3 (CDK4 amplification was seen in 7/16 FGFR3-TACC3 positive cases). No statistically significant correlation was seen between FGFR3-TACC3 fusions and other genetic and epigenetic alterations (CDKN2A deletion, TERT promoter mutations, gain of chromosome 7p, loss of chromosome 10q, and methylation of the MGMT promoter). Parker et al. also reported higher frequency of FGFR3-TACC3 fusions in GBMs when compared to gliomas. [22] Four out of 48 (8.3%) GBMs tested were positive for this fusion, whereas none of the 43 low-grade glioma samples showed this translocation. In addition, 2 out 157 GBM (1.2%) and 2 out of 461 low grade gliomas (0.4%) samples from The Cancer Genome Atlas (TCGA) dataset tested positive for FGFR3-TACC3 fusions which reinforced the notion that this fusion is more common in high grade gliomas. [14] In another series 3 out of 59 patients with primary GBM harbored this fusion gene. [27] Wu et al. reported 2 cases of GBM harboring FGFR3-TACC3 fusion from the TGCA database. [12] In summary, it is estimated that 1.2-8.3% of GBMs will carry this translocation. [15] Taken together, a total of 14 cases of urothelial carcinoma carrying FGFR3-TACC3 translocation have been described with an estimated incidence of 2.6% among the 539 cases described above.
Non-small cell lung cancer
RNA sequencing of 492 sqNSCLC from the TCGA showed only 3 cases of FGFR3-TACC3 fusions; none of 513 cases of adenocarcinomas harbored this translocation. [14] Another study describing genomic analysis of 675 Another cohort of patients from Korea was analyzed and only 2 cases of FGFR3-TACC3 fusion were detected (E17:E8 and E18:E9). The same author reviewed the samples of the TCGA database and found 4 out of 178 samples positive for this fusion. [32] Two more cases of FGFR3 E18 fused with TACC3 E10 were reported in sqNSCLC. [33] The TCGA dataset reported genomic analysis through RT-PCR of 230 previously untreated adenocarcinomas of the lung and 178 previously untreated sqNSCLC; FGFR fusions were not reported in either series. [34, 35] In summary, FGFR3-TACC3 fusions are rare in NSCLC but seem to be more common in sqNSCLC histological type with an estimated prevalence consistently lower than 2.9%.
Cervical cancer
Three cases of TACC3-FGFR3 translocations break points in patients with advanced cervical carcinoma have been described with early evidence of clinical benefit from FGFR targeted treatment. [36] One of the cases was a metastatic recurrent to the lung adenosquamous carcinoma of the cervix. The metastatic tumor showed FGFR3-TACC3 fusion (break point intron 17 and TACC3 intron 10). Associated genomic aberrations were: AKT1 missense mutation, mTOR point mutation, ATRX truncating nonsense mutation. The patient was treated with FGFR targeted therapy achieving stable disease for 4 cycles. In the second case, the patient had well differentiated squamous cell carcinoma of the cervix stage. Tumor tissue from the original biopsy showed FGFR3-TACC3 fusion (break points FGFR3 intron 18 and TACC3 intron 7) as well as BRAF 3' tandem duplication, activating PIK3CA missense mutation, CDNK2A loss, and activating missense mutations in KRAS and HRAS. The third case was a squamous cell carcinoma of the cervix in which the following genomic aberrations were identified on hysterectomy specimen: FGFR3-TACC3 fusion (breakpoints at FGFR3 intron 17 and TACC intron 10) and partial loss of STK11, and RB1 loss.
Xiang et al. performed transcriptomic (RNA) followed by cDNA analysis of 285 cases of early stage carcinoma of the cervix; 11 cases of FGFR3-TACC3 translocations were described (3.9%) with 4 variants [FGFR3 (1_758) fused with TACC3 (549_838), FGFR3(1_758) fused with TACC3(648_838), FGFR3 (1_758) fused with TACC3 ( 648_838), and the most frequent variant FGFR3 (1_768) fused with TACC3(538_838)] . [37] There were four cases of squamous cell carcinoma, 3 cases of adenocarcinoma 3 cases of adenosquamous, and 1 small cell carcinoma. Other sporadic cases of FGFR3-TACC3 translocation in 
Head and neck cancer
Among 411 head and neck SCC tumor samples analyzed using RNA sequencing data through the TGCA only 2 harbored FGFR3-TACC3 fusion. [14] Wu et al. reported two additional cases of head and neck cancer harboring this fusion. [12] An additional analysis of 279 head and neck SCC tumor samples from the TGCA dataset (172 oral cavity, 33 oropharynx, 72 laryngeal tumors) and cases of FGFR3-TACC3 were appreciated in two of the HPV+ samples. [38] Gastrointestinal malignancies FGFR3-TACC3 fusions are rare event as illustrated by analysis RNA sequencing of 856 tumor samples [hepatocellular carcinoma (194) , colon (286), rectum (91), and gastric adenocarcinomas (285)] ; in which no tumor showed this translocation. [14] 
Other malignancies
Two studies analyzed a total of 1594 cases of breast cancer no FGFR3-TACC3 fusion was reported. [7, 14] Single cases of carcinoma of unknown primary, endometrial carcinoma, renal cell carcinoma, gallbladder, papillary kidney tumor, and prostate adenocarcinoma harboring the FGFR3-TACC3 fusion have been described. [7, 14] 
DISCUSSION
In the recent years the field of medical oncology has witnessed unprecedented advances in the understanding of cancer biology. FGF/FGFR pathway is a thriving area of targeted drug development in a wide array of tumors (Table 3-9) . FGFR3-TACC3 was first described in 2012 in two patients with GBM. [13] Since then FGFR3-TACC3 fusion has been reported in numerous solid tumors including urothelial carcinoma, NSCLC, thyroid, and cervical carcinoma (Table 2) . [12] In addition dataset analysis through bioinformatics, namely the TCGA dataset, yield other rarer instances in which this aberration can be found such as prostate cancer, head and neck cancer, and kidney papillary cancer. [14] The clinical relevance of FGFR3-TACC3 has been highlighted by 3 out of 4 partial responses among patients with tumors harboring FGFR3-TACC3 fusions treated with FGFR inhibitor JNJ-42756493. [10] In agreement with preclinical results, these results suggest that FGFR3-TACC3 fusion is indeed an actionable therapeutic target. Furthermore taking into account the obvious limitation of the sparse clinical data thus far tumors harboring FGFR3-TACC3 fusions seem to be more sensitive FGFR targeted therapies when compared to other FGFR aberrations. This is particularly important, as there are limited treatment options for patients with aggressive tumors in which FGFR3-TACC3 fusions have been described such as GBM and bladder cancer. Future studies should take into account that FGFR3-TACC3 fusion has shown positive correlations with PI3K/AKT/mTOR pathway, cell cycle control (CDK4, CDK2, and CCND1), and MDM2 aberrations (Table1). [23, 36, 39] The corollary to these concomitant findings is that one could hypothesize that the combined approach targeting FGFR3-TACC3 and its downstream oncogenic proteins may further enhance the efficacy of FGFR aberrant targeted therapy. Notwithstanding its rarity, FGFR3-TACC3 fusions are present in wide array of solid tumor types and its analysis should be an integral part of screening procedures in FGFR targeted trials in solid tumors.
Elucidation of the potential interaction between FGFR and its fusions with the immune system is also warranted. Pre-clinical data suggest that FGFR3 mutations are exclusive to non-inflamed bladder cancers (~ 30% of tumors), a subgroup characterized by absence of CD8 tumor infiltrating lymphocytes (CD8 TILs), worsen prognosis, and lower chance of responding to PD-L1 blockade. [40] [41] [42] The exclusion of CD8 TILs from the tumor microenvironment limits the benefit from immunotherapies in melanoma and might carry similar relevance to bladder cancer. [42] Nevertheless, these preliminary results highlight a possible link between FGFR pathway aberrations and immune modulation of tumor microenvironment that could be explored therapeutically.
